The 70 kDa heat shock protein (Hsp70) chaperone system is ubiquitous, highly conserved, and involved in a myriad of diverse cellular processes. Its function relies on nucleotide-dependent interactions with client proteins, yet the structural features of folding-competent substrates in their Hsp70-bound state remain poorly understood. Here we use NMR spectroscopy to study the human telomere repeat binding factor 1 (hTRF1) in complex with Escherichia coli Hsp70 (DnaK). In the complex, hTRF1 is globally unfolded with up to 40% helical secondary structure in regions distal to the binding site. Very similar conformational ensembles are observed for hTRF1 bound to ATP-, ADP-and nucleotide-free DnaK. The patterns in substrate helicity mirror those found in the unfolded state in the absence of denaturants except near the site of chaperone binding, demonstrating that DnaKbound hTRF1 retains its intrinsic structural preferences. To our knowledge, our study presents the first atomic resolution structural characterization of a client protein bound to each of the three nucleotide states of DnaK and establishes that the large structural changes in DnaK and the associated energy that accompanies ATP binding and hydrolysis do not affect the overall conformation of the bound substrate protein.
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Hsp70 | protein folding | NMR | molecular chaperones | CEST T he Hsp70 chaperone system forms a central hub in the cellular proteostasis network, performing a large number of functions, all of which are predicated upon its relatively simple ATPdependent interaction with a client protein (1, 2) . Hsp70 is a 70-kDa protein containing both nucleotide (NBD) and substrate (SBD) binding domains connected by a conserved linker (2) . The beststudied Hsp70 is Escherichia coli DnaK, which recognizes an approximate seven-residue protein segment rich in large aliphatic hydrophobic residues flanked by positively charged amino acids (3) . Client substrates enter the Hsp70 functional cycle by binding the ATP form of the chaperone, which has lower substrate affinity but faster binding and release rates compared with the ADP state (2) . The crystal structure of ATP-DnaK (4, 5) shows that the two domains of Hsp70 are docked on each other, with the helical lid flanking the DnaK binding cleft in an open state. Subsequent ATP hydrolysis, stimulated by both Hsp40 and the bound substrate, locks the substrate in the binding pocket (2) and disengages the two domains of DnaK from each other, leading to major structural differences between the ATP-(4, 5) and ADP-bound (6) forms of the chaperone. Finally, ADP release, facilitated by nucleotide exchange factors (7) , and rebinding of ATP free the bound substrate and reset the chaperone cycle.
Although the structural transitions of DnaK and the role of allostery throughout the chaperone reaction cycle are becoming increasingly well understood (7), far less information is available on the substrate conformation in the DnaK-bound state. Our current view is derived primarily from studies on the isolated SBD of DnaK in conjunction with peptide substrates incapable of independent folding (8) . High-resolution structures of DnaK SBD in complex with the seven-residue peptide, NRLLLTG, show that the peptide binds the DnaK binding cleft in an extended conformation and is stabilized by hydrophobic contacts and backbone hydrogen bonds (9, 10) . Larger fragments of apomyoglobin bound to the DnaK SBD were found to be predominantly unfolded but adopted small amounts of native and nonnative helical structure (11, 12) . In addition, low-resolution studies on protein substrates have suggested that the substrate is globally unfolded (13, 14) and expanded in the DnaK-bound conformation (15) . Although these studies have provided important insights into DnaK-substrate binding, a more comprehensive structural characterization of this interaction is crucial for a detailed understanding of DnaK function. Herein we present an atomic resolution-based structural analysis of a small, foldingcompetent protein domain in nucleotide-free (NF) and ATP-and ADP-DnaK bound states. Our results establish that in the DnaK bound form the substrate is globally unfolded, while retaining the structural propensities encoded by its primary sequence in regions outside of the chaperone binding site.
Results
The hTRF1 Protein Binds to DnaK in a Canonical Manner. To probe DnaK-client interactions structurally we used the DNA binding domain of human telomere repeat binding factor 1 (hTRF1) (16) as a substrate. hTRF1 is a three-helix bundle belonging to the homeodomain protein family (17) (Fig. 1A ) and is predicted (3) to have a DnaK binding site in helix 2 involving residues Lys-28-His-32 ( Fig.  1A and Fig. S1 ). Moreover, hTRF1 is marginally stable with a folding free energy difference of −2.8 kcal/mol (35°C) (17) . This implies that Significance Hsp70 chaperones are key components of the cellular proteostasis network. The ATP-dependent interaction of Hsp70 with its substrates prevents aggregation and promotes their correct folding and maturation. Here we investigate the impact of Hsp70 binding on the conformation of a client substrate using nuclear magnetic resonance spectroscopy. Our experiments provide a model for Hsp70 action in which the substrate can adopt substantial amounts of secondary structure even in the globally unfolded Hsp70-bound state. Moreover, the substrate conformation does not evolve as a function of the Hsp70 nucleotide state, demonstrating that the large structural changes in Hsp70 resulting from ATP binding and hydrolysis do not perform conformational work on the bound substrate or lead to changes in client protein conformation.
the population of the unfolded state is ∼1% at 35°C, and in this state the DnaK binding site is potentially surface-exposed and therefore available for binding. hTRF1 is thus an ideal folding-competent substrate for studying interactions with DnaK. (Fig. 1B, arrows) , showing that hTRF1 binds DnaK at the canonical binding site. The changes in the ADP-DnaK spectrum, observed at the binding pocket upon interaction with hTRF1 ( Fig. 1B and Fig. S2 ), are very similar to those seen when DnaK binds a peptide from the E. coli heat shock transcription factor σ 32 (corresponding to residues Gln-132-Gln-144) (18) . Moreover, the resonances from hTRF1-bound DnaK are in slow exchange with the free form on the NMR chemical shift timescale, consistent with the slow binding and release of substrates from ADP-DnaK (2) . Taken together, these results confirm that hTRF1 binds DnaK in a manner similar to what has been identified in previous studies. N ADP-DnaK is added, however, there is a dramatic shift to a poorly dispersed spectrum ( Fig. 1D and Fig. S3 , Bottom) typically seen for globally unfolded proteins lacking tertiary structure. The translational diffusion coefficients of hTRF1 in the absence and presence of ADP-DnaK differ by a factor of 3.2 ± 0.3 (Fig. S4A) (Fig. S4B ). This indicates that unlabeled hTRF1 displaces the labeled DnaK-bound substrate, which then rapidly folds to the native conformation, thus demonstrating the reversibility of the binding reaction. DnaK-hTRF1 binding isotherms can be fit well to a 1:1 binding model (SI Discussion and Fig. S4 C and D) in which hTRF1 first unfolds and then binds one molecule of DnaK with an affinity of 1.4 ± 0.2 μM. The globally unfolded conformation of DnaK-bound hTRF1 observed in our experiments is consistent with previous low-resolution circular dichroism (13, 14) and singlemolecule fluorescence data (15) showing that DnaK-bound clients are expanded and have a diminished helical content compared with the native substrate. In addition, the 1:1 stoichiometry of the DnaKhTRF1 complex is in line with expectations from the small size of hTRF1 and the presence of only one strong DnaK binding site along its primary sequence (Fig. S1 ).
DnaK-Bound hTRF1 Contains Substantial Residual Secondary Structure.
The strong correlations between measured chemical shifts of hTRF1 in the ADP-DnaK-bound form and those of a random coil (20) C′ shifts are larger, consistent with residual helical structure in the DnaK-bound conformation. To estimate the secondary structure content in the DnaK-bound hTRF1 ensemble, we computed the secondary structural propensity (SSP) score (21) using chemical shifts of the bound state. The SSP score ranges from −1 for a fully formed β-strand to +1 for a stable α-helix. The sequencespecific SSP score for hTRF1 bound to ADP-DnaK (Fig. 2B) shows the presence of substantial amounts of helicity (up to ∼40%). Strikingly, the helical content is maximum in regions of the protein that form helices 1 and 3 in the native state and that are far from the DnaK binding site. The presence of considerable residual helicity in the bound hTRF1 substrate suggests that, in general, a client protein may begin to sample conformational space and form local secondary structure even when associated with the DnaK chaperone.
DnaK Binding Preserves the Structural Propensities of hTRF1. Next, we wished to establish whether binding of hTRF1 to DnaK is directly responsible for secondary structure formation or whether the presence of this level of structure is a property inherent to the unfolded free form of the substrate. To address this properly chemical shifts of bound hTRF1 must be compared with those from an unfolded ensemble in the absence of denaturants and under identical experimental conditions. However, the population of the unfolded state is sparse and cannot be directly observed in the NMR spectrum of native hTRF1. To overcome this limitation, we exploited chemical exchange saturation transfer (CEST) NMR methodology (22, 23) , by which it is possible to detect sparsely populated (0.5% or higher) and transiently formed protein conformers (so-called invisible or excited states) exchanging with the native (visible or ground) state at rates ranging from ∼20-400 s −1 . In this experiment a very weak rf field is applied during a mixing period when the magnetization of interest is longitudinal that can modulate the ground state peak intensities (I) relative to the case where the weak field is absent (I 0 ). When the field is positioned close to an invisible excited state resonance the resultant perturbation is transferred to the corresponding peak derived from the visible, ground state via chemical exchange, leading to a decrease in its intensity (I/I 0 < 1). Similarly, application of the field at a frequency proximal to the ground state peak leads to its disappearance owing to a saturation effect (I/I 0 ∼ 0). A large set of spectra is typically recorded whereby the position of the weak perturbing field is varied from one spectrum to the next and a plot of the relative intensity of each ground state peak as a function of the position of the rf field gives a series of CEST profiles, each consisting of a pair of dips for a two-state conformational exchange process. The main dip is located at the position of the chemical shift of the resonance belonging to the major state conformer and a smaller dip at the position of the frequency of the corresponding excited state. 15 N, 13 C α , and 13 C′ CEST profiles of hTRF1 were acquired in the absence of DnaK at 35°C (Fig. 3A and Fig. S5 ) and these show a pair of dips, one large and a second small, that is characteristic of two-state chemical exchange. The small dips are at frequency positions that correspond to an unfolded polypeptide and all of the profiles are well fit together to a protein folding reaction with an unfolded state population of 4.22 ± 0.03% and a lifetime of 2.89 ± 0.04 ms that is consistent with expectations from previous work on hTRF1 folding (17) . The (Fig. S6) . As expected, therefore, the sequence-specific pattern of SSP scores for the unfolded state of hTRF1 calculated from CEST-derived chemical shifts is similar to the SSP scores for DnaK-bound hTRF1 (compare green and blue curves, Fig. 3B) . Specifically, the helical content of unfolded hTRF1 in regions corresponding to helices 1 and 3 in the native state is comparable to the helicity in the DnaK-bound chain. This strongly suggests that interaction of DnaK with the client substrate does not alter the subtle structural tendencies of the polymer chain outside the binding region.
The Structural Ensemble of Bound DnaK Does Not Change During the DnaK Cycle. During the course of its function DnaK cycles through ADP-bound, ATP-bound, and NF states (2). In both NF and ADPbound conformations the NBD and SBD of DnaK are separated from each other, and the helical lid is closed, with small k on ,k off values and high affinities for substrate (2, 6) . In contrast, in the lowaffinity, fast k on ,k off ATP-DnaK state the two domains are docked N TROSY HSQC spectrum of hTRF1 bound to NF-DnaK and compared it to the corresponding spectrum of the ADP-DnaK bound state. The spectra are identical (Fig. 4A) , consistent with very similar hTRF1 conformations in both NF and ADP states.
Next, experiments were carried out to probe the conformational states of hTRF1 bound to ATP-DnaK. Because DnaK hydrolyzes ATP, these experiments were performed with the hydrolysisdeficient mutant T199A DnaK (25) (hereafter referred to as DnaK T199A ). In addition, an ATP-regeneration system was used to ensure that DnaK T199A remained in the ATP-bound state (Materials and Methods). A high-quality spectrum of the ATP complex, (hTRF1/ATP-DnaK T199A ) is, however, difficult to obtain. The lower-affinity of ATP-DnaK for substrate relative to the ADP and NF states (2) necessitates the use of high DnaK T199A concentrations to obtain a sufficient fraction of bound substrate for NMR studies and the concomitant increase in solution viscosity significantly degrades spectral quality. Use of only fractionally bound samples, in turn, led to spectra for which only a small percentage of the expected peaks in the hTRF1 bound state could be observed. We thus used CEST experiments to obtain hTRF1 chemical shifts in the ATP-DnaK T199A -bound state, exploiting the relatively more rapid rates of exchange of substrate between free and bound forms in the ATP vs. ADP states of DnaK. These experiments have the advantage that only relatively small amounts of DnaK T199A -bound hTRF1 are required, with the shifts of the bound conformer obtained indirectly from peak intensities of the unbound native state of the substrate, in spectra that are of high quality. It is possible to "tune" the experimental conditions to reduce interference from exchange of unbound hTRF1 between native and unfolded states by using a temperature at which the unfolded state population is very small (25°C was used in the present analysis where the unfolded state is populated at 0.3%, relative to 4.2% at 35°C). Moreover, the experiment is insensitive to any residual hTRF1 bound to ADP-DnaK, because the exchange rate between free and ADPbound hTRF1 is slower than that required to observe minor state dips in CEST (23) .
Upon addition of ATP-DnaK T199A to a sample of 15 N hTRF1 the size of the minor dips significantly increased, clearly demonstrating the presence of the ATP-DnaK -bound state of hTRF1, generated from fits of the CEST data, correlate very well with those of the ADP-DnaK-bound form (Fig. 4D) . Because chemical shifts are powerful probes of structure in proteins (26, 27) , the absence of shift changes implies that cycling of the DnaK chaperone between ATP, ADP, and NF states does not perform conformational work on the bound substrate, so that the substrate conformation does not evolve as a function of the DnaK nucleotide state.
Discussion
This work provides key insights into the impact of Hsp70 binding on the conformational ensemble of a client protein substrate 5 . Tandem acquisition of structure during de novo protein folding. Model of chaperone-assisted de novo folding, suggested by data on hTRF1. In this scheme a newly synthesized polypeptide is kept unfolded after synthesis on the ribosome by trigger factor (TF). Next, it is transferred to DnaK, where it acquires secondary structure as dictated by the intrinsic properties of the substrate itself, and then finally released into the cytosol where it can either independently, or through interaction with GroEL/ES, fold into its native structure. through the chaperone cycle. A model for Hsp70 action emerges whereby the chaperone binds its hTRF1 substrate in a globally unfolded conformation while allowing it to explore secondary structural propensities inherent to the polypeptide chain. In the case of hTRF1, the client protein cycles through ATP-, ADP-, and NF DnaK-bound states without changing structure, so that the DnaK functional cycle, which involves cochaperones DnaJ and GrpE, is essentially a molecular timer that sets the duration for which the substrate is associated with DnaK.
Central to the study has been the use of recently developed CEST experiments for studies of sparsely populated, transiently formed protein conformational states. Using these experiments, we were able to measure the backbone heteronuclear chemical shifts of the unfolded ensemble of free hTRF1 as well as of hTRF1 in the ATP-DnaK-bound conformation. The populations of both of these hTRF1 states were below the threshold where workable "visible" spectra could be obtained, severely limiting the utility of conventional NMR approaches in our studies. In contrast, by reading out "invisible state" chemical shifts from well-resolved cross-peaks of the native hTRF1 conformer quantitative insights into structure could be readily obtained.
Our experiments suggest a scheme for chaperone-assisted de novo folding (Fig. 5 ) in which the protein chain progressively acquires structure in a manner that depends on the nature of the interactions with each element of the chaperone assembly awaiting the nascent chain. In this picture a newly synthesized polypeptide is kept unfolded after synthesis on the ribosome by trigger factor (28) . Subsequently, it is transferred to DnaK, where it acquires secondary structure as dictated by the intrinsic properties of the substrate itself, and then finally released into the cytosol, where it can either independently, or through interaction with GroEL/ES (1, 29), fold into its native state. Because the DnaK-released client protein is an important starting conformation for folding in vivo, our data further imply that the folding process may begin from a state with significant secondary structure.
The impact of Hsp70 binding on the structure of hTRF1 provides some insight into how this chaperone can perform its diverse set of functions. For example, Hsp70 plays important roles in the translocation, cotranslational folding, and disaggregation of protein substrates. Hsp70-bound client proteins are predominantly unstructured while traversing the membrane (30) or upon transfer from trigger factor and before folding to the native state (28, 31) or during the handover to ClpB (32) . However, Hsp90 recognizes native but locally unfolded substrates bound to Hsp70 (33) . Our data suggest that these disparate requirements for Hsp70 action on its substrates can be achieved by the judicious positioning of Hsp70 binding sites on the substrate coupled with the intrinsic conformational tendencies of the client protein. In the case of Hsp70-bound hTRF1, for instance, the Hsp70 binding site is located in the middle of the second helix in the three-helix bundle. This results in a bound client protein ensemble lacking global tertiary structure but with significant amounts of local secondary structure in the terminal helices H1 and H3. A binding site closer to the N or C terminus of a substrate would be expected to be less perturbing and result in local unfolding, while maintaining native structure in other regions of the protein.
Our data cannot distinguish whether Hsp70 binds the unfolded state of hTRF1 via a holdase type of mechanism (8, 24) or interacts with the native state and unfolds it upon binding (unfoldase) (8, 34) . However, the similar conformations of hTRF1 bound to NF-, ADP-, and ATP-DnaK T199A rules out a power stroke model for Hsp70 function, whereby one of the steps in the Hsp70 ATPase cycle results in substrate unfolding, and clarifies that conformational changes occurring in Hsp70 during the ATPase cycle do not affect the conformation of the bound client protein.
Materials and Methods
Protein Overexpression and Purification. (36) . Cells were grown to OD 600 ∼ 0.8, at which point expression was induced by addition of 1.0 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and allowed to proceed overnight at 25°C. Following expression, bacteria were harvested and the proteins were purified on nickel nitrilotriacetic acid (Ni-NTA) resin (GE Healthcare) under denaturing conditions (6 M GuHCl) to ensure complete removal of bound nucleotides. DnaK was refolded on the Ni-NTA column by gradually reducing the concentration of denaturing agent in the wash buffer (from 6 M to 0 M GuHCl), and the purification tag was removed via cleavage using Ulp1 protease. The cleaved protein was further purified on DEAE (GE Healthcare) and HiLoad 16/60 Superdex 200 pg gel filtration columns (GE Healthcare), equilibrated with 50 mM Hepes, 50 mM KCl (pH 7.4), 2 mM tris(2-carboxyethyl)phosphine (TCEP), and 0.03% NaN 3 .
The human TRF1 protein (hTRF1) was expressed in E. 13 C]glucose as the sole nitrogen and carbon sources, respectively. Cells were grown to OD 600 ∼ 0.8, after which expression was induced by addition of 1.0 mM IPTG and allowed to proceed overnight at 25°C. Following expression, bacteria were harvested and the proteins were purified under denaturing conditions on Ni-NTA resin (GE Healthcare), followed by on-column refolding by the gradual removal of denaturant through a linear gradient extending from 6 M GuHCl to 0 M GuHCl in the buffer. The N-terminal hexaHis tag was cleaved using TEV protease followed by an additional Ni-NTA purification step. Cleaved protein was concentrated on an Amicon Ultra-15 3K molecular weight cutoff filter (Millipore) and further purified on a HiLoad 16/60 Superdex 75 pg gel filtration column (GE Healthcare), equilibrated with 50 mM Hepes, 250 mM KCl (pH 7.4), 2 mM TCEP, and 0.03% NaN 3 . The purity of all proteins was confirmed by SDS/PAGE. NMR Spectroscopy. All NMR experiments were carried out on 11.7 T (500 MHz), 14.1 T (600 MHz), or 18.8 T (800 MHz) Varian INOVA spectrometers. The 600-MHz spectrometer was equipped with a cryogenically cooled probe. The sample temperature was measured using a thermocouple connected to a digital thermometer inserted into an NMR tube containing D 2 O. NMRPipe (37) and Sparky (38) were used to process and visualize NMR spectra, respectively.
CEST.
15 N, 13 C α , and 13 C′ CEST spectra of hTRF1 were acquired using previously published pulse sequences (23, 39, 40 . Reference spectra were also acquired in each case without the T CEST period. Peak intensities were measured by fitting the lineshape of the respective peaks using FuDA (pound.med.utoronto.ca/ software) and CEST profiles were obtained as the ratio of the peak intensity with and without the T CEST period as a function of the frequency of the B 1 field (23). CEST profiles of hTRF1 recorded in the absence of DnaK were fit to a two-state model of chemical exchange, N kNU kUN U, using the custom program Chemex (https://github.com/gbouvignies/chemex), which numerically propagates the Bloch-McConnell equations (42), as described previously (23 
